The possibility of using the root ferric chelate reductase enzymatic activity as a tool for iron (Fe) efficient rootstock screening in breeding programs has been investigated. Ferric chelate reductase activities were estimated spectrophotometrically from the formation of the Fe(II)-bathophenantroline complex by exposing the roots of intact plants to nutrient solution containing Fe(III)-EDTA. Four micro-propagated peach rootstocks, GF-677, Adesoto (syn. Puebla de Soto), Barrier and Cadaman, known to differ in tolerance to Fe deficiency under field conditions, were grown in hydroponic cultures
INTRODUCTION
Lime-induced chlorosis resulting from inadequate Fe-uptake often limits cultivation and optimal yield of many fruit tree species, especially pear (Pyrus communis L.) and peach [Prunus persica (L.) Batsch]. The use of rootstock genotypes efficient in Fe acquisition (Fe-efficient genotypes) would provide a permanent and economical solution to the worldwide problem of Fe-deficiency chlorosis. [1, 2] Research must, therefore, be directed towards the selection of new rootstocks tolerant to Fe-deficiency chlorosis.
In woody plant species such as fruit trees, considerable emphasis has been traditionally placed on early evaluation of chlorosis-tolerant rootstocks. [2] Field trials to select genotypes for tolerance to chlorosis, however, are expensive, time consuming, and difficult to interpret. Therefore, there is a need to develop new screening techniques to identify chlorosis-tolerant genotypes that could be applied early in breeding programs. [3] For instance, some physiological parameters such as Fe reduction, hydrogen extrusion or phytosiderophore release could be used for rapid genotype screening. [3, 4] In the last decade, several methods have been used to grow fruit trees in controlled environments and then use physiological parameters such as those related to Fe-acquisition mechanisms to select Fe chlorosis tolerant genotypes. Tissue culture screening techniques have been used in quince [5] [6] [7] and other fruit-tree rootstocks such as pear and peach. [8, 9] Nutrient solution containing bicarbonate has been used to grow and select chlorosis tolerant genotypes in peach rootstocks, [10, 11] quince, [12] and other species.
[13]
Iron efficient dicots react to low Fe availability by increasing the activity of the root Fe(III) reductase (FC-R) enzyme. [14, 15] Romera et al. [16, 17] found that FC-R activity correlated well with field chlorosis tolerance in peach rootstocks. Further confirmation about this relationship has been reported in peach rootstocks, [10, 18] grape, [19, 20] soybean, [21] and dry bean. [22] Egilla et al. [23] did not consistently find higher Fe-stress induced FC-R activity in the tolerant rootstocks Titan x Nemaguard and Montclar compared to the less tolerant peach rootstock Nemaguard. Conversely, other authors found that the determination of the root FC-R appears very promising as a possible rapid screening method for selecting Fe-efficient pear rootstocks. [20, 24] A recent study [13] demonstrated that in GF677, a Prunus spp. rootstock tolerant to chlorosis, root FC-R activity can be elicited within 1 or 2 days after Fe resupply to plants grown in hydroponics for 4 days without Fe. The present study investigated the elicitation of the FC-R activity with a similar protocol to that used in Gogorcena et al. [13] involving short-term Fe resupply to Fe starved plants, with four peach rootstocks differing in chlorosis tolerance. A patent application has been filed to protect the procedure (Spanish application 200002827).
MATERIALS AND METHODS

Plant Culture
Micropropagated plants of the rootstocks GF677 [Prunus amygdalus
Franch.] were obtained from Agromillora Catalana S.A. (Subirats, Barcelona, Spain). Plants were grown in small pots of peat (5 Â 5 cm) for two weeks in the greenhouse and four days in a growth chamber. By that time they had approximately 6-8 leaves and the fresh weight of the root and shoot parts was approximately 0.2-0.3 and 0.4-0.7 g, respectively. The approximate lengths of the root and shoot parts of these plants were 6-11 and 6-7 45 or 180 mM, and in treatment C some other plants were transferred to fresh nutrient solution without Fe. After Fe was resupplied nutrient solutions for all treatments were changed every two days, to maintain as much as possible constant Fe concentrations. To monitor pH changes, plants of the four genotypes were grown without Fe in the nutrient solution. Nutrient solutions were changed at least twice a week, except in those experiments monitoring pH changes. Chlorophyll (Chl) was estimated by using a SPAD apparatus (Minolta Co., Osaka, Japan) as described in Abadı´a and Abadı´a. [25] In Vivo Root Fe(III)-EDTA Reduction with Intact Plants
The root FC-R activity of intact plants was estimated from the formation of the Fe(II)-bathophenantroline disulfonate complex (Fe(II)-BPDS 3 ) from Fe(III)-EDTA and BPDS (bathophenantroline disulfonic disodium salt).
[26] During the measurements, plants were illuminated in the growth chamber. After 1, 2, or 3 days of Fe resupply, individual plants were transferred to 50 mL plastic beakers (covered with aluminum foil or black tape to exclude light) containing 49 mL of 300 mM BPDS (ACROS Organics), 10 mM MES [2-(N-Morpholino)ethanesulfonic acid], pH 6.0.
Air was continuously injected to the nutrient solution through plastic tubing. Once the plants were placed in the beakers, 1 mL of Fe(III)-EDTA (Sigma) was added from a stock solution to obtain a final concentration of 500 mM. One milliliter aliquots were taken from the nutrient solution after 60 min and centrifuged in an Eppendorf benchtop centrifuge for 1 min at 1000 rpm. Absorbance of the supernatant was read at 535 nm to estimate the concentration of the Fe(II)-BPDS 3 complex. An extinction coefficient of 22.14 mM À1 cm À1 was used. Blank measurements without plants were made to correct for any non-specific Fe reduction. [27] Total Iron Concentration
Iron concentrations in leaves were determined as described previously by Abadı´a et al. [28] Samples were dried at 60 C, dry-ashed and the residue dissolved in HNO 3 and HCl following the A.O.A.C. standard procedure. [29] Statistical Analysis Data obtained from FC-R activity were collected from at least three replications. Means and standard errors were calculated with the Kaleidagraph software for MacOS.
[30] Comparisons of means were made with Duncan or t-Student tests with the software SPSS v.10.0.
RESULTS AND DISCUSSION
Morphological and Physiological Changes of Roots or Shoots with Iron Deficiency
Contrary to what happens in other species [15, 23, 31] no root morphological changes were found in any of the four peach rootstock genotypes with Fe deficiency. Root morphology was similar for all treatments in the four genotypes studied. Neither swelling areas nor new lateral roots or root hairs were observed under Fe deficiency in any of the genotypes studied (data not shown).
All plants were supplied by a commercial nursery and were similar in size for a given genotype when the experiment started. Plants grown without Fe for 4 d and then resupplied with 180 mM Fe had root and shoot lengths, root fresh weight and number of leaves similar to those of the Fe-sufficient controls ( Table 1) . Regardless of Fe status, Adesoto plants had shoot lengths smaller than those of the other three genotypes studied, giving a phenotype response typical of a plum species (Table 1) . After 7 or 12 days without Fe in the nutrient solution (Fe-deficient), Chl concentrations in the young leaves, estimated from SPAD readings, were significantly lower ( p < 0.05) than those of Fe-sufficient controls in all genotypes studied ( the values were lower than those found in the Fe-sufficient controls.
Other authors have found that in the chlorosis-susceptible Nemaguard cultivar grown in nutrient solution, regreening was detected after one day of Fe resupply. [32, 33] In contrast with the data found by other authors. [17, 34, 35] the pH of the nutrient solutions did not decrease in any of the peach rootstock genotypes studied when Fe deficiency was imposed (Fig. 1) . Similar results were found previously with the rootstock GF677. [13] In these experimental conditions SPAD values correlated well with visual symptoms but not with leaf total Fe concentrations (Tables 2 and 3) . Muleo et al. [5] found that some quince clones developed visual symptoms of chlorosis whereas leaf Chl and Fe concentrations did not change. The re-translocation of previously stored apoplastic pools of Fe during growth could, in some conditions, maintain high Fe concentrations in shoots of plants grown under Fe deficiency. Such effects could be possibly avoided by pruning old roots at the beginning of the experiment. [23] Iron-Reducing Capacity Plants grown without Fe in the nutrient solution during 7 d (ÀFe) showed very low FC-R activities in all four genotypes tested (Fig. 2) . After 1-2 d of Fe resupply with 180 mM Fe, the root FC-R activity of GF677 plants was elicited to levels 7-8 fold higher than those found in Fe-sufficient plants (Fig. 2A) . This response was transient, since 3 d after the treatment FC-R activity had decreased almost to control values (2.1 nmol Fe reduced g À1 FW min À1 ). The rootstock Adesoto showed a similar FC-R induction effect (Fig. 2B) , although not as marked as GF677, since in this case the root FC-R of the Fe-resupplied plants was only 2-3 fold higher than the control values.
Conversely, the same Fe resupply treatments did not elicit increases in root FC-R activity in the rootstocks Barrier and Cadaman (Fig. 2C, D) . FC-R activity increased only slightly in plants resupplied during 3 days with 45 mM of Fe-EDTA in Barrier (data not shown). The maximum FC-R values found in these plants, however, were similar to those found in Fe-sufficient plants of the GF677 and Adesoto genotypes. Tagliavini et al. [24] did not find any induction of the FC-R activity with Fe deficiency in Barrier.
Increases in FC-R activity when Fe was omitted in the nutrient solution have been found in woody plants by different authors under different experimental conditions. [18, 34, 35] Tagliavini et al., [24] however, did not find any FC-R induction in Fe-deficient rootstocks. Egilla et al. [23] obtained higher FC-R activity in peach rootstocks grown with a moderate amount of Fe in the nutrient solution but they did not find significant differences among genotypes. A requirement for Fe to induce FC-R activity has been described recently for the rootstock GF677, [13] as well as in several non-woody plant species. [36] [37] [38] [39] [40] There have been other preliminary reports that the addition of Fe to the nutrient solution of Fedeficient trees may cause an enhancement of the root FC-R activity. [33, 41] These results suggest a possible explanation for the contrasting results obtained for the induction of FC-R in Fe-deficient rootstocks. According to Young and Terry [42] the maximum rate of Fe accumulation in Fe-deficient plants resupplied with Fe occurred during the first 2 to 6 h. Therefore, in experiments carried out to measure FC-R for time periods longer than 1-2 h [24, 33] the plants could possibly be considered no longer as Fe-deficient, but instead as Fe-resupplied. Therefore, we recommend discarding plants after a single FC-R measurement. Otherwise, increases found in FC-R activity in re-utilized plants could be due to Fe resupply during the first FC-R assay.
The rootstock GF677 is resistant to chlorosis [43] and is widely planted throughout the world, being the second rootstock for peach after peach seedlings. [44] The influence of the genes of P. amygdalus in the pool of these hybrids could provide tolerance to Fe chlorosis. Adesoto is a ''Pollizo'' plum [P. insititia (L.) Bullace] and has been rated, along with other plum rootstocks, as tolerant to Fe chlorosis. [45] This rootstock is especially interesting because it is graft-compatible with four different stone fruit species: plum, peach, apricot and almond. The selection Adesoto has many other advantages as a rootstock. [2] Barrier and Cadaman are cultivars resistant to root asphyxia, whose tolerance to chlorosis was not originally tested. [46] Cadaman has been described as a cultivar more resistant to chlorosis than peach seedling rootstock and is marketed by some commercial nurseries as chlorosistolerant. However, field data (not shown) suggest that the tolerance to chlorosis of both Barrier and Cadaman is not high. Susceptibility to Fe chlorosis may come from the fact that these hybrids [P. persica (L.) Batsch Â P. davidiana (Carr.) Franch.] include the genetic pool of the Fe-deficiency susceptible genotypes Nemaguard and Nemared. [47] Iron Absorption Rate Plants of the four Prunus rootstocks studied growing in hydroponics with 90 mM of Fe(III)-EDTA had average leaf Fe concentrations between 115 and 173 mg g À1 DW (Table 3) . Leaf Fe concentrations after Fe resupply were higher and lower than the controls in the Fe-efficient and Fe-inefficient genotypes, respectively. After 4 d of Fe deficiency and 2 d of Fe resupply with 180 mM Fe(III)-EDTA, leaf Fe concentrations were higher than the control values in the efficient genotypes GF677 and Adesoto (by 22 and 17%, respectively). After being treated for 3 d with 45 mM Fe(III)-EDTA, leaf Fe concentrations were 58% (GF677) and 41% (Adesoto) higher than the Fe-sufficient controls (Table 3 ). In contrast, leaf Fe concentrations were lower than the controls in Barrier (15%) and Cadaman (39%) after 2 d of adding 180 mM Fe(III)-EDTA to the nutrient solution, respectively (Table 3) . After 3 d of resupply with 45 mM Fe(III)-EDTA, Fe concentrations remained 26 and 39% lower than the controls in Barrier and Cadaman, respectively.
There was a significant and positive correlation (r ¼ 0.92, p ¼ 0.04) between total leaf Fe concentration and FC-R activity in the genotypes studied (n ¼ 4). We did not find any changes in other cation concentrations under these experimental conditions (not shown), in contrast to what has been found by other authors. [17, 48] A correlation between leaf Fe concentrations and root FC-R activity has also been reported in Citrus. [49] These authors proposed that levels of Fe transported to the upper portion of the plants were proportional to the amount of Fe absorbed actively by Fe-regulated biochemical processes in the roots. Romera et al. [16] also found that Adesoto and GF677 showed the highest FC-R activity rates and the lowest degree of chlorosis among several rootstock genotypes.
CONCLUSIONS
Iron chlorosis is a widespread problem in fruit trees grown in areas with calcareous soils. Development of rootstocks with an improved Fe-efficiency may be the best choice to resolve this problem in the long term, since correcting Fe-deficiency with agrochemicals is not likely to be a sustainable practice. The methodology described can facilitate shortening of the long conventional breeding process necessary for woody plant species. Screening for Fe efficiency by selection of plantlets in vitro could be done in woody plants in a reasonable scale, instead of more extensive traditional experimental systems in greenhouses or field conditions.
The results of this work suggest that the root FC-R activity can be used successfully to screen genotypes for Fe-deficiency tolerance, provided it is elicited by manipulating the concentration of Fe in the growth medium. The rootstocks GF-677 and Adesoto, tolerant to Fe chlorosis, increase root FC-R activity and leaf Fe concentrations with the protocol used. Conversely, the rootstocks Barrier and Cadaman, susceptible to Fe chlorosis, did not show such increases.
The proposed protocol involves the measurement of root FC-R activity in plants grown for several days without Fe and then resupplied with 180 mM Fe(III)-EDTA. This protocol could be standardized for use in breeding programs with a large number of genotypes. 
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